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ABSTRACT Previous reports have shown that some
bacteria, including Salmonella, use a dissimilatory nitrate
reductase enzyme pathway (NREP) in anaerobic environ-
ments. This enzyme reduces nitrate to nitrite and has
been shown to cometabolize chlorate to cytotoxic chlorite.
The present investigations were performed to evaluate
the susceptibility of a competitive exclusion culture (CE)
to the experimental chlorate product (ECP). A commer-
cially available CE product was evaluated for its nitrate
reductase activity and therefore its chlorate sensitivity.
Individual isolates (in triplicate) were cultured in 10 mL
of Viande Levure broth containing 5 mM sodium nitrate
or 10 mM sodium chlorate. Bacterial growth (optical den-
sity at 625 nm) was measured and 1-mL aliquots were
removed concurrently for colorimetric determination of
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INTRODUCTION

Foodborne illness continues to be a serious problem in
the United States. In 2003, there were more than 1.3 mil-
lion cases of Salmonellosis resulting from foodborne ill-
ness with an estimated cost of 2.8 billion dollars in the
United States (Economic Research Service, 2003). In the
commercial poultry industry, Salmonella is a serious prob-
lem, because it has been identified in essentially all as-
pects of poultry production (Jones et al., 1991). The
significance of the problem cannot be truly understood
until consideration is given to current production statis-
tics for poultry in the United States. United States produc-
tion statistics reveal that more than 8.5 billion broiler
chickens and 274 million turkeys were processed in 2003
(USDA, 2004). State and federal regulatory agencies have
mandated that poultry producers comply with regula-
tions to reduce the overall incidence of Salmonella in poul-
try and poultry products.

2004 Poultry Science Association, Inc.
Received for publication February 4, 2004.
Accepted for publication July 15, 2004.
1To whom correspondence should be addressed: byrd@ffsru.

tamu.edu.

1857

nitrate content at 0, 3, 6, and 24 h. Of the 15 different
facultative strains, 11 had slight NREP utilization, 3 had
moderate NREP utilization, and the remainder were
NREP negative (with slight and moderate NREP utiliza-
tion: >0.1 to <1.0 mM and >1.0 mM nitrate used within
6 h, respectively). Of the obligate anaerobes evaluated, 3
had slight NREP utilization and the remainder were
NREP negative. In vivo studies utilizing both products
(CE and ECP) in a horizontal transmission challenge
model (seeders + contacts) showed significant reductions
in Salmonella from 5.37 to 1.76 log10 cfu/g and 3.94 to 0.07
log10 cfu/g, respectively. The combined effect of the CE
culture and an ECP are effective in killing these food-
borne pathogens.

To reduce the amount of Salmonella coming into pro-
cessing plants, which subsequently contaminates pro-
cessed carcasses, poultry producers have at their disposal
several new intervention strategies. One preharvest inter-
vention strategy that is being evaluated in our laboratory
for pathogen reduction is a chlorate ion based product
that uses the respiratory nitrate reductase enzymatic path-
way (NREP). The NREP is part of a nitrate respiration
process in some enteric and sulfate-reducing bacteria; this
pathway uses nitrate as a terminal electron acceptor dur-
ing anaerobic metabolism (Richardson, 2001). The NREP
cometabolically reduces chlorate to a cytotoxic chlorite
ion; increased levels of this ion become lethal to bacteria
(Stewart, 1988). Utilization of the chlorate ion by NREP
has been shown to reduce enteric pathogens in chickens,
sheep, beef cattle, and pigs (Anderson et al., 2001; 2002;
Byrd et al., 2003; Edrington et al., 2003).

To gain a better understanding of the microflora af-
fected by this experimental chlorate product (ECP), a
competitive exclusion (CE) culture from chicken was eval-

Abbreviation Key: CE = competitive exclusion culture; BGA = bril-
liant green agar; ECP = experimental chlorate product; NREP = nitrate
reductase enzymatic pathway.
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uated. Competitive exclusion products are used to estab-
lish a protective microflora in the gastrointestinal tract of
neonatal poultry. Evaluating the individual CE bacteria
with ECP would help determine the sensitivity of the
healthy microflora to this product in the gastrointestinal
tract. Many of the pathogenic bacteria in the family en-
terobacteriaceae such as Salmonella and Escherichia coli
possess the NREP. The objectives of the present investiga-
tion were to evaluate the effects of the ECP on the CE
culture and to evaluate the efficacy of the ECP in the
reduction of Salmonella in broilers. The results of this
study may help determine the compatibility of these
products on gastrointestinal health, and is an important
process in finding new technologies for the reduction of
enteric pathogens.

MATERIALS AND METHODS

Experiment 1

In experiment 1, the CE culture Preempt2 was evaluated
to determine the sensitivity of the individual bacteria to
an ECP and to measure the use of sodium nitrate. Each
bacterial isolate tested was grown with and without 5
mM sodium nitrate3 or sodium chlorate.4 To start the
initial bacterial isolates (previously isolated in our labora-
tory), 100 µL of individual stock culture was removed
and placed in 10 mL of tryptic soy broth5 and grown in
anaerobic conditions for 48 h at 37°C (Corrier et al., 1995).
A 100-µL aliquot was removed from the started cultures
and placed in tryptic soy broth for 48 h at 37°C, in tripli-
cate. A 1-mL sample of the culture from individual iso-
lates was obtained at 0, 3, 6, 24, and 48 h. The optical
density reading of the culture was recorded at each time
in a spectrophotometer and absorption was measured at
625 nm. This reading was used to determine the inhibition
of growth of the bacteria. A previously described colori-
metric assay was used to determine the use of nitrate
(Cataldo et al., 1975).

Experiment 2

For experiment 2, Cobb × Ross broiler chicks were ob-
tained from a local commercial hatchery on day of hatch.
All chicks were placed in rearing pens at appropriate
rearing temperature on clean pine shavings litter material.
All chicks were provided water and a corn-soy based diet
that met or exceeded NRC guidelines (1994) for ad libitum
consumption. In this experiment, the objective was to
evaluate the CE culture and the ECP in the reduction
of a foodborne pathogen. The experiment contained 4
treatment groups: 1) negative control, 2) CE culture, 3)
ECP, and 4) a combination of the CE and ECP. On d 1,

2MS BioScience, Dundee, IL.
3Mallinckrodt Baker Inc., Paris, KY.
4Sigma Aldrich Co., St. Louis, MO.
5Becton Dickinson and Co., Sparks, MD.

25 chicks from each group were challenged with 108 to
109 cfu of Salmonella Typhimurium resistant to novobio-
cin4 and nalidixic acid4 (seeders) and placed in the pen
with the remaining unchallenged chicks (contacts). One
hour later, a reconstituted CE product was administered
by oral gavage (0.25 mL) to groups 2 and 4. After an
additional hour, chicks in groups 3 and 4 were provided
water that contained ECP (1× ECP is equivalent to a 15
mM chlorate ion concentration) to groups 3 and 4 for 4
d. Chicks in groups 1 and 2 were provided distilled water
for 4 d. After this period, all chicks were provided free
access to water until the end of the experiment. On d 3,
approximately 48 h postCE treatment, 10 chicks in each
group were randomly selected and euthanized by cervical
dislocation. The concentration of propionic acid and total
volatile fatty acids (acetic + propionic + butyric + isobu-
tyric + valeric + isovaleric) in the cecal contents were
determined by gas liquid chromatography as described
previously (Corrier et al., 1993).

Recovery of Salmonella

On d 10, the remaining seeder and contact chicks were
killed by cervical dislocation and evaluated for Salmonella
colonization. An individual cecum was removed and 0.25
g of cecal contents was placed into a 6-mL snap cap
polypropylene tube containing 2.25 mL of Butterfield’s
solution. Serial dilutions of each sample were performed
using 0.5 mL of the sample diluted in 4.5 mL of But-
terfield’s solution for a final concentration of 10, 100,
and 1,000 cfu/mL. One hundred microliters from each
dilution tube was placed onto a brilliant green agar5

(BGA) plate containing 25 µg/mL of novobiocin and 20
µg/mL of nalidixic acid and spread plated using a bacte-
rial cell spreader. All of the plates were incubated for 24
h at 41°C, and the number of Salmonella was determined
and expressed as log10 cfu/g of cecal contents. Cecal con-
tents that were negative at a 100-fold dilution on BGA
plates but positive at a 10-fold dilution were assigned
1.50 log10 cfu/g of cecal contents (Corrier et al., 1993, 1995)

Statistical Analysis

Differences in propionate levels in the cecal contents
of treated chickens were evaluated using the GLM proce-
dure for one-way ANOVA (SAS Institute, 1996). Statisti-
cally different means (P ≤ 0.05) were further separated
using Duncan’s Multiple Range Test (SAS Institute, 1996).
The χ2 test of independence was used to compare Salmo-
nella Typhimurium incidence data following bacterial en-
richment of cecal tonsils (Ott, 1993).

RESULTS AND DISCUSSION

The results from experiment 1 indicate how the ECP
affected the CE culture in vitro. Of the 15 different faculta-
tive strains, 11 had slight NREP use, 3 had moderate
NREP use, and the remainder were NREP negative (with
slight and moderate use: ≥0.1 to ≤1.0 mM and ≥1.0 mM
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FIGURE 1. Nitrate (5 mM) utilization of obligate and facultative
anaerobes in a commercial competitive exclusion culture.

nitrate used within 6 h, respectively). Of the obligate
anaerobes evaluated, 3 had slight use, and the remaining
were NREP negative (Figure 1). Of the total bacteria that
were NREP positive, 50% were ECP sensitive, as indicated
by marked inhibition of growth during the 48-h incuba-
tion period. Enterococcus faecalis had a slight NREP use
and had impaired growth when the ECP was present
(Figure 2). Serratia liquefaciens had a moderate use of ni-
trate and had impaired growth when the ECP was present
(Figure 3). Enterococcus faecalis and S. liquefaciens were
selected as representatives of both slight and moderate
use of the NREP pathway which cometabolically reduces
the chlorate ion to cytotoxic chlorite. Although several of

FIGURE 2. Utilization of the nitrate reductase pathway: a comparison
of Enterococcus faecalis grown in the presence of nitrate (NT) or an
experimental chlorate compound (ECP) for 0, 3, 6, 24, and 48 h, ECP
is a 15 mM chlorate ion equivalent. A,BMean values with no common
superscripts differ significantly (P ≤ 0.05).

FIGURE 3. Utilization of the nitrate reductase pathway: a comparison
of Serratia liquefaciens (S. L.) grown in the presence of nitrate (NT) or
an experimental chlorate compound (ECP) for 0, 3, 6, 24, and 48 h, *ECP
is a 15 mM chlorate ion equivalent. A,BMean values with no common
superscripts differ significantly (P ≤ 0.05).

the bacterial populations are ECP sensitive, ECP does not
eliminate all the bacterial constituents of this CE product.

In experiment 2, broiler chicks provided ECP in the
drinking water in combination with a CE product had
significant reductions in the number of Salmonella recov-
ered and in overall incidence compared with the controls
(Table 1). Salmonella-challenged (seeders) or unchallenged
(contacts) chicks had significantly lower numbers of cecal
Salmonella cfu recovered and lower incidence of Salmonella
when compared with the controls. Experimental chlorate
product and CE treatment groups had significantly lower
numbers of Salmonella cfu recovered from the ceca and
the incidence detected in the ceca as compared with the
controls. Furthermore, the combination of ECP and CE
was not significantly different from the ECP alone with
the exception of nonchallenged chicks provided ECP
alone. Experimental chlorate product alone or in combi-
nation with CE provided to broiler chicks 3 d before
sampling did not significantly affect the cecal volatile
fatty acid concentrations compared with the controls or
the CE alone group (data not shown). The data in the
present study suggest that ECP provided in the drinking
water during the first 4 d of life may reduce the incidence
and the population of Salmonella in newly hatched chicks.
Furthermore, data suggest that ECP does not adversely
affect the microbial population naturally found in the
gastrointestinal tract.

These results agree with recent studies in our labora-
tory that demonstrated that chlorate supplementation ef-
fectively decreased E. coli O157:H7 in cattle and pigs
before harvest (Anderson et al., 2001; Callaway et al.,
2002). Studies demonstrated that chlorate significantly
reduced E. coli O157:H7 and Salmonella Typhimurium
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TABLE 1. Effect of a competitive exclusion culture (CE) and an experimental chlorate compound (ECP)1

provided in the drinking water during the first 4 d on Salmonella Typhimurium
cecal colonization in broiler chicks (2 trials)

Salmonella-challenged (seeders) Unchallenged (contacts)

Log10 cfu/g Salmonella positive Log10 cfu/g Salmonella positive
of cecal chicks per of cecal chicks per

Treatment contents2 total chicks (%) contents total chicks (%)

Control 5.37 ± 0.98a 40/40 (100)a 3.94 ± 2.15a 33/39 (84.6)a

CE-gavage 4.21 ± 2.05b 35/40 (87.5)b 1.31 ± 2.08b 13/39 (33)b

ECP 1.71 ± 2.31c 16/39 (41)c 0.42 ± 0.97c 7/40 (15)b

CE + ECP 1.76 ± 2.37c 15/40 (37.5)c 0.07 ± 0.45c 1/40 (2.5)c

a-cMean values within the same column with no common superscripts differ significantly (P ≤ 0 .05).
1ECP is equivalent to a 15 mM chlorate ion concentration.
2Mean ± SD.

DT104 in gastrointestinal contents and did not signifi-
cantly alter normal total culturable anaerobic bacteria
counts. These results suggest that chlorate supplementa-
tion may be a viable strategy to reduce foodborne patho-
gens that possess NREP. Previously, Davies and Wray
(1996) suggested that preharvest Salmonella control might
be most effective when applied in the final period before
harvesting. Because poultry have access to water during
initial placement and the feed withdrawal period and
ECP can be administered in the drinking water, ECP
could have an impact on the pathogen load in a preharvest
setting. The combined effects of the ECP with other prod-
ucts such as CE could provide a practical approach for
reducing foodborne pathogens at initial placement and at
entry into the processing plant. Government regulations
(Pathogen Reduction Act) have caused a need for cost
efficient approaches to reducing foodborne pathogens
without dramatically altering present management tech-
niques. The results of the present study suggest a possible
method to reduce foodborne pathogens that can be incor-
porated into existing commercial management pro-
cedures.

REFERENCES

Anderson, R. C., T. R. Callaway, T. J. Anderson, L. F. Kubena,
and D. J. Nisbet. 2002. Bactericidal effect of sodium chlorate
on Escherichia coli concentrations in bovine ruminal and fecal
contents in vivo. Microb. Ecol. Health Dis. 14:24–29.

Anderson, R. C., T. R. Callaway, S. A. Buckley, T. J. Anderson,
K. J. Genovese, C. L. Sheffield, and D. J. Nisbet. 2001. Effect
of oral sodium chlorate administration on Escherichia coli
O157:H7 in the gut of experimentally infected pigs. Int. J.
Food Microbiol. 71:125–130.

Byrd, J. A., R. C. Anderson, T. R. Callaway, R. W. Moore, K. D.
Knape, L. F. Kubena, R. L. Ziprin, and D. J. Nisbet. 2003.
Effect of experimental chlorate product administration in the
drinking water on Salmonella typhimurium contamination of
broilers. Poult. Sci. 82:1403–1406.

Callaway, T. R., R. C. Anderson, K. J. Genovese, T. L. Poole, T.
J. Anderson, J. A. Byrd, L. F. Kubena, and D. J. Nisbet. 2002.

Sodium chlorate supplementation reduces E. coli O157:H7
populations in cattle. J. Anim. Sci. 80:1683–1689.

Cataldo, D. A., M. Haroon, L. E. Schrader, and V. L. Youngs.
1975. Rapid colorimetric determination of nitrate and nitrite
in plant tissue by nitration of salicylic acid. Commun. Soil
Sci. Plant Anal. 6:71–80.

Corrier, D. E., D. J. Nisbet, A. G. Hollister, C. M. Scanlan, B. M.
Hargis, and J. R. DeLoach. 1993. Development of defined
cultures of indigenous cecal bacteria to control salmonellosis
in broiler chicks. Poult. Sci. 72:1164–1168.

Corrier, D. E., D. J. Nisbet, C. M. Scanlan, A. G. Hollister, and
J. R. DeLoach. 1995. Control of Salmonella typhimurium coloni-
zation in broiler chicks with a continuous-flow characterized
mixed culture of cecal bacteria. Poult. Sci. 74:916–924.

Davies, R. H., and C. Wray. 1996. Determination of an effective
sampling regime to detect Salmonella enteritidis in the environ-
ment of poultry units. Vet. Microbiol. 50:117–127.

Economic Research Service. 2003. Economics of foodborne dis-
ease: Salmonella. Online. http://www.ers.usda.gov/brief-
ing/foodbornedisease/Salmonella/. Accessed May 5, 2004.

Edrington, T. S., T. R. Callaway, R. C. Anderson, K. J. Genovese,
Y. S. Jung, J. L. McReynolds, K. M. Bischoff, and D. J. Nisbet.
2003. Reduction of E. coli O157:H7 populations in sheep by
supplementation of an experimental sodium chlorate prod-
uct. Small Rumin. Res. 49:173–181.

Jones, F., R. C. Axtell, F. R. Tarver, D. V. Rives, S. E. Scheideler,
and M. J. Wineland. 1991. Environmental factors contributing
to Salmonella colonization of chickens. Pages 3–21 in Coloni-
zation Control of Human Bacterial Enteropathogens in Poul-
try. L. C. Blankenship, ed. Academic Press, San Diego, CA.

National Research Council. 1994. Nutrient Requirements of
Poultry. 8th rev. ed. National Academy Press, Washing-
ton, DC.

Ott, R. L. 1993. An Introduction to Statistical Methods and Data
Analysis. Duxbury Press, Belmont, CA.

Richardson, D. J. 2001. Introduction: Nitrate reduction and the
nitrogen cycle. Cell. Mol. Life Sci. 58:163–164.

SAS Institute. 1996. SAS/STAT Software: Changes and enhance-
ments through release 6.11. Version 8. SAS Institute, Inc.,
Cary, NC.

Stewart, V. 1988. Nitrate respiration in relation to facultative
metabolism in enterobacteria. Microbiol. Rev. 52:190–232.

USDA. 2004. Poultry: Production and Value 2003 Summary.
Online. http://usda.mannlib.cornell.edu/reports/nassr/
poultry/pbh-bbp/. Accessed May 5, 2004.


